Abstract. In this paper, the failure mechanism and modification research of damage performance of recycled aggregate concrete were summarized systematically. The general failure rules of recycled aggregate concrete were summarized according to the failure mode and fracture characteristics of recycled aggregate concrete. Based on the failure mechanism, the modification research ideas of improving the mechanical properties were obtained, and the modification method was proposed. This paper introduced the reinforcement technology of recycled aggregate and summarized the problems that need to be solved for recycled aggregate concrete.
Introduction
With the rapid development of the society and the reconstruction of the infrastructure, the demand for concrete is increasing, and the treatment of a large number of demolished building wastes will bring some harm to the environment. Therefore, this paper put forward the basic idea of recycled aggregate concrete, and hopes to replace partially ordinary concrete with recycled aggregate concrete. It can not only meet the social needs, but also reduce the harm to the environment and realize the recycling of resources, and recycled aggregate concrete research also become the focus of social research nowadays. However, due to the large amount of old adhered mortar in recycled aggregate, it has certain defects in mechanical properties compared with ordinary concrete [1] [2] [3] .At present, the processing mechanism of recycled aggregate concrete technology is not perfect, and there are many bottlenecks that need to be broken in order to improve various mechanical performance indexes. All of these limit the development of recycled aggregate concrete to a large extent. So far, recycled aggregate concrete has been mostly used in some non-load-bearing components or road surfaces. The study on the damage mechanism and modification method of recycled aggregate concrete are of great significance for improving the destructive of recycled aggregate concrete and strengthen its application in engineering.
According to the related research, it is found that either the tensile failure or the compression failure of the recycled aggregate concrete is manifested by the fracture of the old adhered mortar and the interface transition zone. The initial micro cracks in the process are usually first appeared in the interface transition zone, and then extend to the mortar area. Therefore, the interface transition zone is the weakest link of recycled aggregate concrete, and the main factor causing this phenomenon is the existence of old mortar. To a large extent, the old mortar influences the difference in quantity, distribution and performance of interface transition zone. In recent years, many scholars have done research on recycled aggregate concrete, and have made a series of research achievements in improving the performance of recycled aggregate and the strength of recycled aggregate concrete. This paper will sort out and summarize these achievements in order to further expand and improve the regenerative aggregate concrete damage machine. It provides a reference for the research work of theory and modification.
Mechanism of Improving Failure Performance of Recycled Aggregate Concrete
The failure of recycled aggregate concrete block is mainly caused by tensile failure and compression failure.
Tensile Failure
At present, there are not many researches on the tensile failure of recycled aggregate concrete. In terms of its failure form, the failure surface of recycled aggregate concrete is mainly the fracture of mortar. Secondly, the interfacial transition zone between natural aggregate and new mortar or old mortar is damaged, while the fracture of recycled aggregate is relatively less. Existing studies show that the tensile strength of recycled aggregate concrete is related to many factors, such as replacement rate, mix ratio and water-cement ratio. The split tensile test of Tabsh et al. [4] shows that the splitting tensile strength of recycled aggregate concrete is related to the mixing ratio of recycled aggregate concrete, which is generally 10%~25% lower than that of ordinary concrete. Ikeda et al. [5] [6] found that the tensile strength of recycled aggregate concrete was 6%~10% lower than that of ordinary concrete, Sageo-Crent-sil et al. [7] test show that The ratio between tensile strength and compressive strength of recycled aggregate concrete is slightly higher than that of ordinary concrete, Gupta [8] test find when water-cement ratio is low, the tensile strength of recycled aggregate concrete is lower than normal concrete, and water cement ratio is high, the tensile strength of recycled aggregate concrete is higher than that of ordinary concrete.
Compression Failure
As compression is the main performance of concrete, it is common to study the compressive failure and compressive strength of recycled aggregate concrete. The researches of Jianzhuang Xiao et al, [9] show that the compressive strength of recycled aggregate concrete is closely related to the replacement rate, water-cement ratio and age, etc., and the failure surface of recycled aggregate concrete basically starts from the bond failure between coarse aggregate and hydrogels. Xu-ping Li [10] research on mechanical performance of recycled aggregate concrete suggests that modulus of elasticity of recycled aggregate concrete is lower than the ordinary concrete and peak strain and brittleness are bigger than the ordinary concrete, and the failure form of prism is longitudinal splitting under uniaxial compression. Xuebing Zhang et al. [11] prove that water-cement ratio have a great influence on compressive strength of recycled aggregate concrete with different mixing ratios. Throughout the existing studies, the compressive failure of recycled aggregate concrete test blocks is mainly caused by oblique cracks, and a few of them are caused by local crushing. Most of the fracture surfaces of recycled aggregate concrete are old mortar fracture and interface transition zone failure, namely interface transition zone between natural aggregate and new mortar or old mortar.
Modification of Recycled Aggregate Concrete

Physical Reinforcement Method
Mechanical Grinding
Existing studies have shown that mechanical grinding can remove the old mortar from the surface of recycled aggregate to a certain extent and effectively improve the performance of recycled aggregate. When Montgomery studied the effect of the amount of recycled aggregate surface mortar on the performance of recycled aggregate concrete, Montgomery [12] used ball grinding method to remove the old mortar from the recycled aggregate surface very well. Dezhan He [13] find that the performance of regenerated aggregates is improved greatly in Japan by vertical eccentric device grinding and horizontal rotary device grinding, and the recovery rate of recycled aggregate after grinding by vertical eccentricity device is up to 67% compared with original concrete, and reached the standard of Japan about regeneration aggregate performance.
Heating Grinding
Heating grinding is an improved method developed on the basis of original mechanical grinding. Compared with mechanical grinding, it has better effect, but the process is more complicated. After 60 min heating and 120 min grinding, the surface mortar adhesion rate of regenerated aggregate can be reduced to 0% ~ 20% in relevant factories in Japan, and the water absorption and porosity both decrease significantly and the performance improve significantly. Bru et al. [14] have used the selective heating and grinding method to radiate the waste concrete block by microwave first, and then remove the old mortar from the surface of the aggregate by mechanical grinding, so as to obtain the recycled aggregate with good performance. In addition, Tateyashiki et al. [15] [16] have also confirmed through experiments that the heating and grinding method can produce good quality recycled aggregate.
Particle Shaping
Particle shaping reinforcement is mainly used to strike out the mortar or cement stone attached to the surface of the aggregate by high speed autoclave and friction of the reclaimed aggregate, remove the prominent edges and corners on the aggregate granule and make it a clean and smooth recycled aggregate, so as to realize to the strengthening of the recycled aggregates. Qiuyi Li [17] [18] find, according to the research of aggregate particle shaping, that the performance of regenerated aggregate is improved significantly after the Particle shaping reinforcement, and the performance of some high quality recycled coarse aggregate can even be comparable to that of natural gravel, and the performance of recycled fine aggregate has also been greatly improved. Chongji Zhu et al. [19] find through the particle shaping of aggregate that the concrete made of recycled aggregate after particle shaping had significantly enhanced the anti-permeability and anti-carbonization ability of chloride ions.
Stirring Process
Reasonable stirring technology can not only strengthen the regenerated aggregate, but also improve the performance of interface transition zone to a certain extent. The secondary stirring process advocates that on the basis of taking into account the uniform mixing of all materials in the concrete components, by using the amount of material and mixing order to improve the inner structure of concrete and its performance, the main characteristic of secondary stirring process is that it can eliminate the phenomenon of cement particle clumping., so as to make cement hydration more fully, at the same time can effectively improve the high water cement ratio condition of interface transition zone, improve the strength of concrete. Ryu etc. [20] [21] through secondary mixing process of the preparation of recycled aggregate concrete study shows that compared with the conventional stirring process, the compressive strength and tensile strength of the recycled aggregate concrete prepared by the secondary stirring process under the same conditions are improved to different degrees, and find that the thickness of the interface transition zone decrease by 38%. Tam et al. [22] find that the secondary stirring process make the interface transition zone more compact, which can significantly increase the strength of recycled aggregate concrete and reduce its dispersion. Tamura et al. [23] used decompression mixing technology to prepare recycled aggregate concrete, and find that it can increase the compressive strength of concrete by 20%. In addition, Wu Zhao et al. [24] [25] have proved that the mixing process can help improve the strength and performance of recycled aggregate concrete through different stirring methods.
Wet Treatment
The wet treatment method is mainly to wash the reclaimed aggregate with water, and then to obtain the better quality recycled aggregate by separating the impurities in the recycled aggregate. This treatment method is simple and has certain effect on removing dust from recycled aggregate and enhancing interface adhesion. Jung-mann [26] improve the production process by washing the broken regenerated aggregate with water before screening, and obtaine a good quality regenerated aggregate. Katz [27] find that the effect of such treatment method was not obvious through the study of ultrasonic cleaning of recycled aggregates, and only the weak recycled aggregates of matrix concrete can be improved. It is not hard to find that the biggest characteristic of wet treatment compared with other reinforcement methods is its simple operation, can use local materials, moreover, washing away the dust on the surface of the aggregate has certain effect on improving the interface transition zone of recycled aggregate concrete, but the optimization performance of rinsing with water alone is limited, so it needs to be combined with other reinforcing methods.
In conclusion, these physical strengthening methods have achieved certain results in modifying and recycled aggregate, but, some methods may have high requirements on equipment and complicated procedures, while those with simple procedures may not have good enhancement effect. Therefore, how to improve the recycled aggregate processing technology needs further research and discussion.
Chemical Method
Chemical Immersion
Different from physical strengthening method, chemical soaking is mainly to improve the pore structure on the surface of recycled aggregate and the enhancement is achieved by enhancing its compactness. Chemical soaking is divided into chemical solution soaking and chemical slurry soaking. Kou et al. [28] find through the research of the recycled aggregate is soaked by polyvinyl alcohol that the apparent density of the regenerated aggregate after modification increase significantly and the water absorption rate decrease significantly. Jianliang Chen et al. [29] use the method of mechanical grinding combined with polyvinyl alcohol immersion to treat the recycled aggregate, and find that the flexibility and compressive strength of the recycled aggregate concrete both improve after treatment. Ning Yang et al. [30] find that the compressive strength of recycled aggregate concrete cube can be increased by 22% by spraying polyvinyl alcohol solution on the aggregate surface and wrapping in cement. This method is more feasible than other methods. Abbas et al. [31] confirm that concentrated sodium sulfate solution soak recycled aggregates, again with mechanical mixing mortar freezing and thawing, can very good remove old recycled aggregates surface mortar, improve the performance of recycled aggregate. All these are reinforced recycled aggregates by soaking them in a chemical solution, and the effects are different. However, it remains to be further studied whether there is any effect on the durability of recycled aggregate after soaking in chemical solution.
For the reinforcement of recycled aggregate by chemical slurry immersion, Xiaoping Fan et al. [32] find that the compound water-repellent slurry composed of the cement of water-cement ratio 1:1 mixed with inorganic aluminum salt can strengthen the recycled aggregate very well. Ting Du et al. [33] strengthen the recycled aggregate by high-activity superfine mineral and admixture slurry, and find that the performance of the recycled aggregate improve significantly under the immersion of the cement mixed slurry with Kim powder. Katz [34] try to cover the surface of the recycled aggregate with a layer of silica powder particles in order to react with the cement hydration products remaining on the surface of the recycled aggregate so as to form a dense layer on the surface of the aggregate, so the recycled coarse aggregate is strengthened with silica powder solution, and find that the compressive strength of 7d and 28d increase by 30% and 15% respectively, and the early intensity increase more than the later intensity, this indicates that the filling effect of silica powder solution is more dominant than that of volcanic ash.
Polymer and Carbonization
In view of some properties of recycled aggregate, the performance of recycled aggregate concrete can be improved by utilizing the filling action of polymer and the change of its flocculation structure by participating in hydration reaction of cement. Many scholars have done relevant studies in this field, but according to the materials they choose, the final results are also different. Ziming Wang et al. [35] through the modification research of recycled fine aggregate by three polymers: styrenebutadiene rubber (SBR), polyacrylate (EVA) and vinyl acetate (PAE) find that the compressive strength of recycled fine aggregate mortar don`t improve after the PAE emulsion treatment, and just the flexural strength of recycled fine aggregate increased significantly. The research of Kou et al. [36] show that the physical performances of recycled aggregates can be improved obviously after impregnation with polyvinyl alcohol (PVA), especially the water absorption of recycled aggregates. Spaeth [37] find that using silane polymers, siloxane polymers and silane-silane-siloxane-doped polymers to soak the recycled aggregates can reduce the water absorption of the recycled aggregates, and the amount of reduction is related to the type of polymer. Tsujino et al. [38] have come to a similar conclusion, but it is found that the compressive strength of recycled aggregate concrete was decreased after treatment with silane polymer, it most likely is caused due to the different test methods. In view of the above phenomenon, the pore structure of recycled aggregate is also filled by polymer immersion. Why some of them are effective and some of them are not, to explain this phenomenon we need to study the chemical effects of several materials. Grabiec [39] through biological precipitation generated CaCO3 crystal, and make it to fill in mortar adhered on the surface of the recycled aggregates in order to increase its compactness, and find that it is effective to improve the strength of recycled aggregate concrete. It is well known that carbonization reduces the alkalinity of concrete and easily causes steel corrosion, but because carbonization changes the hydration products of cement, to some extent, it can make the concrete more compact and harder. Zhang et al. [40] are inspired by this, they use CO2 to strengthen the treatment of recycled aggregate, and find that can make the recycled aggregates water absorption and crush index decrease obviously, apparent density increased, and it has good effect on improving the strength of recycled aggregate.
High Temperature Steaming Pressure and Microwave Heating
In order to remove the old mortar on the surface of recycled aggregate and enhance the performance of recycled aggregate, high temperature autoclave and microwave heating also have certain effects. Zhenglong Cui et al. [41] through the study find that the effect of high temperature autoclave curing on the recycled aggregate is not satisfactory, and the strength of the recycled aggregate decreased to a certain extent in the later stage, which may be that the high temperature autoclave damaged the aggregate itself. Akbarnezhad et al. [42] have conducted high power microwave(10 kW) enhancement on the recycled aggregate, which proves that microwave can indeed play a role in removing the surface mortar of the recycled aggregate, but high power instantaneous heating can lead to high temperature of the natural aggregate inside the regenerated aggregate, resulting in high temperature damage of the aggregate itself. Jianzhuang Xiao et al. [43] , on the basis of this, put forward the idea of the low power microwave heating to strengthen the recycled aggregates, namely, through the method of microwave heating cycle to remove old mortar adhered to the recycled aggregates so as to improve the quality of recycled aggregates. Compared with the traditional method of wrapping pure water slurry and the method of mechanical grinding, the effect of microwave heating is more obvious. In addition, Jun Dai et al. [44] prove through experiments that the performance of recycled aggregate can be improved significantly by mechanical selection assisted by microwave heating.
Problems to be Solved
Regenerated Aggregate Processing Mechanism
There is no doubt about the effect of recycled aggregate on the performance of recycled concrete. The most essential difference between recycled aggregate and natural aggregate is the addition of old mortar ingredients. Although there are various methods to strengthen recycled aggregate at present, the final effect is also different. However, these factors aside, because the source of waste concrete is complex, the production and processing of recycled aggregate must be standardized and large-scale, and it can only be processed in factories with corresponding qualifications, and the classification of different strength levels should be made, moreover, no private small factories or workshops are allowed to exist, only in this way can the quality of recycled aggregate be guaranteed. Therefore, it is a prerequisite for the development of recycled aggregate concrete technology to strengthen recycled aggregate.
Numerical Simulation Technology
The development of a civil engineering technology requires not only effective experimental research, but also reasonable theoretical analysis. As for the application and promotion of the technology of recycled aggregate concrete, it is of great significance to simulate the fine and micro structure of recycled aggregate concrete to understand its macroscopic performances. Although the scholars have put forward various fine micro numerical model, such as lattice model, the stochastic particle model, micro plane model, MH model, the beam particle model and cellular automata model, etc., but these models all have insufficient, It only meet the performance requirements of recycled aggregate concrete in one aspect and are not perfect. Therefore, the technology of numerical simulation is still to be improved.
Formation of Application System
At present, the application of recycled aggregate concrete is still in the stage of test and prudent use, although there have been some demonstration project research, and made the corresponding recycled aggregates and recycled aggregate concrete technical regulations and technical standards, but, considering the dispersion of recycled aggregate concrete, the application of recycled aggregate concrete is still cautious at present. The ultimate purpose of each study is to apply. Therefore, a scientific and effective application system should be established after the research on the damage performance of modified recycled aggregate concrete has achieved certain results to research how to maximize its application and extension in the condition of ensuring the strength of recycled aggregate concrete.
Establish a Scientific and Effective Monitoring Mechanism
The application of recycled aggregate concrete in the engineering, especially in some important applications of bearing component, we should establish scientific and effective monitoring mechanism in order to be able to grasp all the performance indicators under environmental action and stress at anytime and anywhere. For example, as time goes on, how about its surface carbonization, how about internal steel corrosion, Whether the durability of recycled concrete after chemical soaking is affected, and what are the disadvantages compared with ordinary concrete components under the same conditions. After the comprehensive analysis of the information, the performance of the recycled aggregate concrete component will be further improved, which will provide a basis for guiding the engineering application in the future.
Conclusion
(1) The existing research data show that recycled aggregate concrete has more discretization and more complex interface transition area than ordinary concrete. In order to improve the failure behavior of the modified recycled aggregate concrete, it is necessary to understand its failure mechanism and find different modification measures according to different needs and failure modes.
(2) According to the research background and reality of recycled aggregate concrete, the research system of modified recycled aggregate concrete is proposed, including the research target, research content, destruction mechanism of concrete.
(3) Based on the existing data, this paper puts forward the modified thinking from the damage mechanism to the destructive energy, and summarizes the modification research of recycled aggregate concrete, and points out the problems that need to be solved further to improve the development and application of recycled aggregate concrete.
(4) Whether it is subjected to tensile damage or compressive damage, the recycled aggregate concrete shows the fracture of the old mortar and the destruction of interfacial transition zone, which can be concluded that the interfacial transition zone is the weakest region, therefore, to improve the failure performance of recycled aggregate concrete, the most critical is to strengthen the interface transition zone.
